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FOREWORD 


This report was prepared for presentation at "Recent Developments 
in Ocean Engineering," sponsored by the University of California at 
Berkeley in January 1981. It was written in outline format to provide a 
practical up-to-date guide for the practicing engineer to enable selec- 
tion and sizing of common anchor types including direct embedment anchors, 
deadweight anchors, drag embedment anchors, and pile anchors. 

For each anchor type, the report includes site survey recommendations, 
briefly describes various anchors within each anchor category, presents 
methods for determining anchor performance and, in certain cases, suggests 
practical options for improving poor anchor behavior. 

The topic of anchor design is broad, and this report does not 
pretend to provide complete solutions for all anchor selection and 
design problems. However, it does provide state-of-practice solutions 
to most general anchoring problems and makes the designer more aware of 
his options and the limitations of each anchor type. For complex or 
critical anchoring applications, the reader is referred to sources of 
information and references that are provided throughout the report. 

A majority of the information presented in this report was taken 
from published and unpublished reports by the Foundation Engineering 
Division of the Naval Civil Engineering Laboratory under the sponsorship 
of the Naval Facilities Engineering Command and the Department of Energy. 
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SITE SURVEY 


A. Site Survey Requirements 


- Requirements differ according to: 


Anchor type [Pile, Deadweight, Drag, Embedment] 
Loading condition [Static, Dynamic] 

Soil type [Sand (cohesionless), Clay (cohesive) ] 
Mooring use [Manned, Unmanned] 


Minimum Recommended Site Survey Requirements 


Required Site Information* 


Anchor Type 
Non-Critical Mooring Critical Mooring 
Deadweight General seafloor type Seafloor type, depth of sedi- 
(mud, clay, sand, ment, areal variability, esti- 
rock). mate of soil cohesion, fric- 
tion angle, scour potential. 
Drag Embedment Seafloor type. Seafloor type and strength, 
(approximate) depth to rock, 
stratification in upper 10' 
to 30' (depending on soil 
type), areal variability. 
Plate Anchor Seafloor type; Engineering soil data to ex- 
depth to rock; pected embedment depth (soil 
o Use estimated strength, sensitivity, density, 
properties provid- -grain size, origin, depth to 
ed or other avail- rock), additional data required 
able info. for dynamic analysis. 
Pile Anchor Sediment type, Engineering soil properties to 
depth of sediment. full embedment depth 
o Use estimated (soil strength, sensitivity, 
properties provid- grain size, origin, density), 
ed or other avail- soil modulus of subgrade reac- 
able info. tion for laterally loaded piles. 


*Geologic literature survey suggested for all situations to help define 
soil type and existence of seafloor anomalies. 
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B. Sediment Property Determination 


- Variety of tools exist to acquire quantitative or qualitative data. 


qe 
Static, dynamic penetrometers, in-situ Sub-bottom profiling 
vane shear device, corers, grab samplers side scan sonar 


[Refer to Lee and Clausner (1979) - Soil Sampling Techniques] 
- Information/Data-Sources 


Lamont-Doherty Geological Observatory of Columbia University, Palisades, 
N. Y. 10964 


National Geophysical and Solar-Terrestrial Data Center, Environmental Data 
Service, National Oceanic and Atmospheric Administration, Boulder, Colo. 80302 


Chief of Operations Division, National Ocean Survey, NOAA, 1801 Fairview 
Avenue, East Seattle, Wash. 98102 


Chief of Operations Division, National Ocean Survey, NOAA 1439 W. York 
Street, Norfolk, Va. 23510 


Naval Oceanographic Office, Code 3100, National Space Technology Laboratories, 
NSTL Station, Miss. 39522 


Scripps Institution of Oceanography, La Jolla, Calif. 92093 


Chief Atlantic Branch of Marine Geology, United States Geological Survey, 
Bldg. 13, Quissett Campus, Woods Hole, Mass. 02543 


Chief Pacific Arctic Branch of Marine Geology, United States Geological 
Survey, 345 Middle Road, Menlo Park, Calif. 94025 


Woods Hole Oceanographic Institution, Woods Hole, Mass. 02543 


C. Sediment Property Estimation 
(When detailed physical survey not practical) 
- Determine whether sediments are: — 


Terrigenous (land-derived) sediments or pelagic 
(ocean-derived) sediments (e.g., pelagic clay, oozes). 
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Ocean sediment distribution 


Ibe Terrigenous Sediment Properties 


- Assume all continental shelves and slopes are terrigenous. 

- Typically complex and varied sediment type particularly, 
near-shore, glaciated areas, high current areas. 

- Refer to National Ocean Survey charts to determine whether 
sand or mud (cohesive). 


Sand 
S,-3t05 
S,* 2103 

If nearshore and a "grab" 
sample is available for grain point tae nt 
size determination, safe values eet rere 

12m ma whickncs) alternaning with 
of $ and y, are: a 


© of sand = 33 - 40 deg 
Jp = S60 hg’ at Om wo 


B80 kg/m? at om 


sigan * | rata 


G 
Sandy silt 880 (55) g : 
Silty sand 880 (55) g 5 
Uniform sand 880 (55) ye 3 
Well-graded sand 960 (60) i 3 


For-locations classed as on eeen 
Abyssal Plains properties for 1 ePa = a.4s bia? 


turbidites are appropriate. 


Proxinal ~< 30 miles from shore 
Distal ~> 30 miles from shore 


o s 10 
4, o=) 


Typical strength profile - turbidites. 
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Mud 


If sediment is mud (cohesive) 
this provides a lower bound for 


a normally consolidated 


sediment. 


If site is near river mouth, 
Miss., Nile, Amazon, etc., mud 
probably underconsolidated 
(Young - not yet in equilibrium 
with wt overlying soil, may be 
limited strength buildup with 
depth. Consult an expert for 
design advice. 


Much of the nearshore is 
-overconsolidated (greater past 
overburden than presently exist- 
ing) usually a desirable anchor- 
ing situation. Locations (e.g., 
glaciated areas, high current 
areas, tops of rises, passages). 


Unsually strong overconsoli- 
dated sediment could lead to 
less conservative design (long- 
term loading). 


Sobbottom Depth (ft) 


Note: Hemipelagic and terrigenous 


material is highly variable. Range 

of values gwen for turbidites will 

apply to most of the stronger soils 
(sand Layers of even beds are common). 
Occesionally weaker (possibly moch 
weaker) profiles may be found near 
ective river deltas, 


This curve is bused on tesns of 
about 20 cores ranging to 10m 
in length from the Santa 
Barbara Channel. Data to 
typical soft greater wbbottom depths are 
ban material from triaxial text extrapolation 


S,= 21804 


Subbortom Depth (m) 


0-37 deg 


cole kPa 


p+ 320 kg/m? at Om 10 640 kg/en? at 30 m 


1 kg/m? = 0.062 bit 
dme 3.28 ft 
1 kPa = 0.145 b/ia.? 


2. Deep Ocean (Pelagic) Sediment Properties 


If deep ocean site is not an abyssal plain, determine if depth is 
above or below Calcite Compensation Depth (CCD). 


Topography of the calcite compensation depth (CCD). Calcareous sediments are found 
only in those locations where actual water depth is less than the CCD; numbers on 
contours denote kilometers below sea surface 
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If above the CCD - sediment probably calcareous. 
If below the CCD - sediment probably pelagic clay. 


Note: Curves for coarse ooze are 
from tests 00 three cores to 10m 
from the Biske Platesu. Curve for 
fine core i baved on ursts of 12 
10-m cores from the Equatorial 


Note: Curves based on vane shear 
testing of 15 10-m piston cores 
from the North Pecifc. Data at 
greater subbortom depths trom 


Subbottom Depth (f1) 


Pacific. Data to greater depths 
are based on trigxial best extra 
polation 


Maxial test extrapolanon 


1 kg/m? = 0.062 thvtt? 
Imes 3.28 ft 
kPa = 0145 bia? 


Subbottom Depth (m) 


(water depth 
Jens than 3,000 m) 


Subbottom Depth (fe) 


typical abywsa) hill 

Province pelagic clay 

S,= $7 (upper 15 {0) 
= 3-5 (below) 

o 33 deg 

ca 3.3 kPa 

Jp 7 320 kg/m? ar 0m 
v0 640 kg/m? at 30 m 


0°37 deg 

cook 
1 kg/m? = 0.062 AT 
den = 3.2K fc 
1kPs = 0.145 fe? 


4p + 480 kg/m? at Om 
wo 720 kg/m? at 30m 


Typical profiles - calcareous ooze. Typical profile - pelagic clay. 


La (kPa) 


If location is classed as 
siliceous ooze Se einen te ae 
a ea | from the Equatorial Pacific. 


Data at greater subbottom depths 
from triaxial test fabrication. 


Whenever possible consult experts 
at a nearby oceanographic institu- ae 
tion for property data. gee ure are 


10640 kghm? at 30m 


Subbottom Depth ({1) 
& 
Subbottom Depth (m) 


1 kg/m? = 0.062 bit? 
m= 3.28 {t 
1 kPa = 0.145 fin? 


100 
1 2 F) ‘ 
5, (pm) 


Typical profile - siliceous ooze. 


Subbotiom Depth (m) 
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D. Hazardous/Unusual Seafloor Conditions 


- If these conditions are encountered or anticipated, caution is 
necessary 

- Design possible, but requires more detailed procedures than 
presented 


Examples of Hazardous/Unusual Seafloor Conditions 


e Submarine lava flows occupying a relatively small and irregular area. 


e Small sediment channels, local extreme bottom slopes, cliff-like 
topography, or giant seafloor ripples. 


e Erratics from ice-deposited glacial detritus. 

e Metallic nodules or "pavement" formations above soft sediments. 
e Sloping seafloor greater than 10 degrees. 

e Deep ocean siliceaous ooze (>30% biogenic and siliceous). 

e Clean calcareous coze (>60% biogenic and calcareous). 

e Sensivity >6 in a cohesive soil. 


e Cohesive soil strength varying by more than 50% or + 100% from 
typical profiles presented. 


e Unconsolidated or very high void ratio clays with c/p values near 
0.1-0.15. 


e Thin sediment layer above rock. 


e Layered seafloors - soft sediment over stiff/dense sediment or vice 
versa. 
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GENERAL FEATURES OF VARIOUS ANCHORS 


Deadweight Anchor 


Large vertical reaction component, permitting shorter mooring 
line scope 


‘ 
No setting distance 


Reliable holding force, because most holding force due to 
anchor mass 


Simple, on-site constructions feasible, tailored to task 
Size limited only by load-handling equipment 

Economical; weighting material readily available 
Reliable on thin sediment cover over rock 

Mooring line connection easy to inspect and service 


Good energy absorber when used in conjunction with 
"non-yielding” anchors (i-e., piles, embedded plate anchors) 


.Good reaction to vertical load components; works well in 
combination with drag embedment anchors permitting short 
mooring line scopes 


Lateral load resistance low compared to other anchor types 


Usable water depth reduced; deadweight can be undesirable 
obstruction 


ei atacchsisntiticstat na Sen 
Plate Anchor 
High capacity (greater than 100,000 lb) achievable 


Resists uplift as well as lateral loads enabling short scope 
moorings 


Anchor dragging eliminated 


Higher holding capacity to weight ratio than any other type 
of anchor 


Handling is simplified due to relatively light weight 
* 
te Anchors can function on moderate slopes and in lithified 
seafloors 
* 
Me Installation is simplified due to possibility of instan- 
taneous embedment or seafloor contact 


Accurate anchor placement possible 


Does not protrude above seafloor 
2,3,4* A 

Can accomodate layered seafloors or seafloors with 
variable resistance because of continuous power 
expenditure during penetration 


2,3,4% F 7 : 
pet? Penetration is controlled and can be monitored 


Susceptible to cyclic load strength reduction when used in 
taut moorings in loose sand, coarse silt seafloors 


For critical moorings, soil engineering properties required 


Anchor plate typically not recoverable 


1.* a ? F 
Special consideration needed for ordnance 


* 


Me Anchor cable susceptable to abrasion/fatigue 


* 


Gun system not generally retrievable in deep water (>1,000 ft) 
2,3,4* 


ie 


Surface vessel must maintain position during installation 


273% Operation limited to sediment seafloors 


Propellant-embedded anchor 
Screw-in anchor 


Vibrated-in anchor 


Lo 


Driven Anchor 


Drag Embedment Anchor 


Broad range of anchor types and sizes available 
High capacity (greater than 100,000 1b) achievable 
Standard off the shelf equipment 

Broad use experience 


Can provide continuous resistance even though maximum capacity 
exceeded 


Anchor is recoverable 
Usable with wire or chain mooring lines 
Anchor does not function in lithified seafloors 
Anchor behavior erratic in layered seafloors 


Low resistance to uplift, therefore, large line scopes required 
to cause near horizontal loading at seafloor 


Penetrating/Dragging anchor can damage pipelines, cables, etc. 


Pile Anchor 


High capacity (greater than 100,000 1b) achievable 


Resists uplift as well as lateral loads permitting use with 
short mooring line scopes 


_ Anchor setting not required 
Anchor dragging eliminated 


*Short mooring line scopes permit use in areas of limited sea 
room or where minimum vessel excursions are required 


Drilled and grouted piles especially suitable for hard coral or 
rock seafloor 


Does not protrude above seafloor 


Driven piles cost competitive with other high capacity anchors 
when driving equipment is available 


Drilled and grouted piles incur high installation costs and 
require special skills and installation equipment 


Wide range of sizes and shapes are possible (pipe, structural. 
shapes) 


Field modifications permit piles to be tailored to suit require- 
ments of particular applications 


*Taut moorings may aggravate ship response to waves (low 
resilience) 


*Taut lines and fittings must continually withstand high 
stress levels | 


Costs increase rapidly in deeper water or exposed locations 
where special installation vessels are required 


Special equipment (pile extractor) required to retrieve or 
refurbish the mooring 


More extensive site data is required than for other anchor types 


*True for any taut mooring. 
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PLATE ANCHORS 


Plate Anchors - Summary of Types (Refer to Taylor et al. (1975)) 


Propellant-Embedded Anchor 


aA ys 


Touchdown Penetration Keying Anchor estoblished 


Anchor assembly Current Developments 


Primarily U. S. Navy developed CEL 
10k, 20k, 100k, SUPSALV 100k, 300k - 
Refers to normal long term capacity 
in soft seafloor. 


e 100k anchor commercially available 


Driven Anchor Menard Rotating Plate Anchor 
Ee ee ' 1, Mud Wine” ne = 
kai NS ETF = VASO ES Vi The RN 
pte ot 
‘ z Re 
: Driving 113 
Le aaBhe mandrel 1! i 
of tee 
i tiie 
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os 5: h NB3 Ve 
ip J. Finol 1 ‘ 
; 6 emplocement 
~\ position: — 
AK o Y ) h 
! t 
» 
Opening In-service oad Position after Enlorged perspective 
position position puli-out test 


Navy Umbrella Pile 
Anchor (current work 
in U. K.) 
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Screw Screw (Auger) Anchor er) Anchor Vibrated Anchor 


-One or more Anchor at base of long 
helices screwed slender shaft, vibrated 
into the ground into the seafloor; plate 


from surface or is "keyed" to operating 
at seafloor. position. 


Auger pin anchor. 


SETTLED SAND 
WATER INLET 


Jetted-In Anchors 


SEABED _ ORAS LINE 
LUG FOR BRIDLE WITT 5 


7 VLLTTLE 
, BAC STORBED 
PRESSUR:ZEU 
WATER 


AIP. INJECTION 
POINT 


Sh Say Gj api yj PLATE 
i BOLTED TO 
ANCHOR 


Royal Dutch shell jetted 
anchor (Netherlands) 


PERIPHERAL JETS 


Hydropin Anchor (National 
Eng. Lab. U.K.) 


B. Plate Anchor Failure Definitions 


“S55 —— 


Deep Anchor Failore 


C. Plate Anchor Design Loading Conditions 


Short-Term Loading - An increasing load to failure such that 
Static in fine-grained soils drainage does not occur. 
Long-Term Loading - Uniform static load where full drainage 
occurs. 
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Impulse Loading - Non-rhythmic loads > static capacity, < 10 
seconds in duration - sands; < 10 minutes duration - clays. 

Cyclic Loading - Repetitive loading with double amplitude 
magnitude > 5% static capacity. 

Earthquake Loading - Cyclic loading induced to the entire 
soil mass by earthquake energy. 


Dynamic 


D. # Plate Anchor Design Process (Refer to Beard, 1980) 


1. Site Survey: Determination of hazardous/unusual condition, 
soil property selection, soil type determination. 


Pe Determine Anchor Embedment Depth 


a. Control embedded anchors (e.g., driven, jetted, vibrated, 
screwed). 
Depth = f/soil type, strength, plate, size, equipment 
limitations. 


b. Dynamically embedded anchors (propellant-embedded) 
Cohesive soil 
Calculate by method of True (1976) 


Cohesionless soil - Penetration prediction schemes 


are poor. 
Calculated Penetrations for Estimated Penetrations for 
CEL Clay Flukes CEL Sand Flukes 
ene goox | rook | 20x | mx | — 


Sand™ 


Soft basin soil 19.5 (64) | 15.9 (52) | 10.7 (35) 


CEL 10K 
sand/coral fluke 


CEL 20K 
sand/coral fluke 
CEL 100K 
sand/coral fluke 


CEL 300K 
universal fluke 


Distal turbidite 


Gay 3.8 (12.5) 3.4 (11) 3.1 (10) 


17.4 (57) | 13.1 (43) | 8.2 (27) | 5.8 (19) 


Distal turbidite 5.2 (17) 4.9 (16) 4.6 (15) 


(high) 14.9 (49) | 11.9 (39) | 7.9 (26) | 5.8 (19) 


i 7.0 (2 6.4 (2 
Proximal turbidite 12.5 (41) | 10.1 (33) 7.0 (23) |} 5.2 (17) TO (ES) (23) (@1) 


Calcareous ooze 
(deep water) 


9.2 (30) 8.2 (27) 7.6 (25) 


22 «(72) | 18.3 (60) | 11.9 (39) | 8.2 (27) 


"o = 30 degrees; y, = 1,760 kg/m? (110 1b/ft>) 
Po = 35 degrees; y, = 1,920 kg/m> (120 1b/ft3) 
“ = 40 degrees; Y_ = 2,080 kg/m? (130 1b/£t?) 


Course calcareous ooze 


(low) 19.2 (63) | 16.5 (54) | 10.7 (35) } 7.6 (25) 


Course calcareous ooze 


(high) 15.2 (50) | 12.8 (42) | 8.2 (27)|] 5.8 (19) 


Siliceous ooze 24.1 (79) | 19.8 (65) | 13.1 (43) | 9.2 (30) 


Pelagic clay 
(low) 24.7 (81) 


(68) (47) 


Pelagic clay 
(high) 


19.2 (63) (52) (37) 
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Ge Anchor Keying 


Plates embedded edgewise are "keyed" to assume horizontal 
orientation. 


CEL propellant anchors key according to: 
D, - 2L (L = fluke length) 
D. - 1.5L 
1) 


” (eoineatsse) 
” Cacoationticas) 
3. Determine loading condition, calculate capacity. 
a. Short-term static holding capacity (no drainage). 


Shape factor 
(Skempton, 1951) 


s '* , i 
Be = A(c No f + % D Noe. 84 + 0.16 B/L) 
After Vesic (1969) 
with disturbance 
correction factor 
(£) by Valent (1978) 


where F = Short-term holding capacity 


> 
| 


Projected fluke area 


Soil cohesion 


Disturbance correction factor 

0.8 - terrigenous silty-clays, clayey-silts 

0.7 - pelagic clays 

0.25 - calcareous ooze (validity of this factor in doubt) 


y Buoyant unit weight of soil 

D = Plate embedment depth 

B Plate width 

L = Plate length 
N. = Short-term holding capacity factor-cohesive soil 
N = Holding capacity factor for drained or frictional 


condition 
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if 


Molding Capachy Factor, Ni. 


4q 


Holding Capacity Factor, f 


F. (Cohesive soil) - Nowa. 4 
Neglect Yb D aa te 


F_, (Cohesive soil) = A (s,, N. £) (0.84 + 0.16 B/L) 
Fat (Cohesionless soil) c = sR 0 
Be (Cohesionless soil) = A Vp D N, (0.84 + 0.16 B/L) 


Short-Term Capacity Sloping Seafloors 


Refer to Kulhawy et. al., (1978). 


Short-Term Capacity Laterally Loaded Plates 
Refer to Neely et. al., (1973). 


- Plate anchor capacity is enhanced with lateral loading. 
- For propellant anchors, keying distance is minimized. 


b. Long-Term Static Holding Capacity (full drainage) 
- Time to full drainage = f (permeability load, drainage 
; path, anchor size, shape, etc.) 
Cohesionless soil - drainage almost immediate 


Fit 
Cohesive soil - long-term capacity governed by drained strength 
parameters: friction angle, 9, and cohesion intercept c . 


—_ 


(cohesionless soil) = Fit 
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Holding Capacity Factor, Fiz 


1 


F ‘ (cohesive soil) = A(e'N! + Yb D N) (0.84 + 0.16 B/L) 


Fi = Long-term holding 
t q 
capacity 


c = Soil cohesion 
intercept 


A B, L = Refer to short-term 


Up) AAI : 
section 


N = Holding capacity 
factor drained/ 
frictional condition 
(Refer to short-term 
section) 


Ne = Long-term holding 
capacity factor for 
cohesive soil 


Loose/soft seafloors - failure associated with relatively 
large displacements; retake” GY 5G piv 1/Sio CS B//Sie", 


¢ = tan “(tan 2/3 $6) 
Creep rupture - cohesive soil - increasing rate of shear until 


failure occurs (poorly understood phenomenon) 


- Problem appears minimal for calcareous ooze, pelagic clay. 
- Fx S = 2 adequate to prevent creep rupture. 


c. Dynamic Holding Capacity 


1) 


Impulse Loading - refer to Douglas (1978), or Beard 
(1980), for details of prediction procedure. 


Consider only if large infrequent loads may be 
unexpectedly applied to a plate anchor mooring. 
Can have a positive effect on anchor holding capa- 
city for loads of up to: 


e 500 sec duration - cohesive soil 
e 10 sec duration .- cohesionless soil 


For load durations < .01 sec impulse holding 
capacity can be: 


2-5 times short-term capacity for a normally 
consolidated clay. 


2-6 times short-term capacity for a mid-density 
sand 


Impulse loads near or somewhat above Fit can be 
tolerated. 
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2) Cyclic Loading - Refer to Beard (1980) for details 
of cyclic capacity prediction scheme developed by 
Herrmann (1980). 


- Caused by wave induced forces and cable strumming. 


re 
3: 
is double amplitude cyclic 
Bz 50 lead component 
ce 
SS 
2 


- Cyclic loads < 5% static capacity of no concern, 
therefore, cable strumming can be ignored. 


- Cyclically loaded anchors designed to preclude failure 


from liquefaction or cyclic creep. 
Ne eee ee 


Accumulation of 
small movements 


Characterized by 
strength loss and 


that reduce anchor 
depth untii pull 
out occurs. 


sudden anchor 
instability 


Strength Loss During Cyclic Loading 


The following procedure excludes soils such as uniform fine 
sand, coarse silts, and some clean oozes which are susceptible to 
true liquefaction failure. Use of plate anchors in these soils 
under cyclic loading is not recommended at this time. 
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(% of static capacity) 


Double Amplitude Cyclic Loud 


Procedure 
Determine te from the soil 
permeability. 


For the assumed sea conditions, 
determine the number of loading 
cycles during t_, found from the 
soils aerner pei fey. Enter ‘the 
figure below to find the loading 
bounds as a function of soil 
type. This table can also be 
used directly to find the 
limiting number of cycles for 

a given loading. 


pala : =o ' c ep oes 
90> Note - Cyclic limits apply to anchors with = + 
| an average quasi-static load of bess 
sot than 33% of matic capacity. 4 
| 
70} 
60 
1 
40 
207 
i 
20+ 
10} 
o—__— 


aE = na = 
102 103 10¢ 105 108 107 
Number of Losding Cycles 


Cyclic Creep During Cyclic 
Loading 


- Poorly understood phenomena 
that does occur in the 
laboratory. 

- Number and magnitude of 
significant loading cycles 
occuring during the life of 
an anchor control cyclic creep. 

- For cases where static load 
exceeds 20% static capacity, 
add portion above 20% to cyclic 
component and proceed. 
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Time Required for Dissipation, 


6 107 10% 10? 


Oo 

10 = 

ao) ao%) aos) ao% = a0) ao) a) 
Soil Permenbility, em/eec (fthsec) 


acl, aol) 


AprxoximaTeE RELATION BETWEEN 
CorFFIcIENT OF PERMEABILITY 
aANp Grain SizE Rance 


| Size at which 

permeability 

is measured, 
mm 


Limits of 


mits Cocflicient of permeability 
grain size, 


Soil type 


4 


0.6 
0.06 
0.008 


Double Amplitude Cyclic Load 
( of static capacity) 


Note - Curves give upper limits that 
apply to anchors with a quasrstatic 
load of from 0 to 20% of static capacity. 


103 10* 105 10° 10? 
Number of Uniform Loading Cycles 
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3) Earthquake Loading (Refer to Wilson, 1969) 


- Cohesive soils not susceptible to significant 
strength loss during earthquake loading. 

- Granular soils can liquefy during earthquake 
loading. 

- Granular liquefaction is a function of soil rela- 
tive density. Potential for liquefaction is 
illustrated below. 


Standard Penetration Resstance (blows/f1) Standard Penetration Resistance blows/fr) 


Depth (1) 


(a) Maximum ground surface acceleration « .15g (&) Maximum ground surface scecicration = .25¢ 


Liquefaction potential profiles for 
earthquake loading of granular soils 
(from Seed and Idriss, 1971). 


Maximum ground accelerations are a 
function of earthquake magnitude 
and distance from the quake epicenter. 


ximum Acceleration - g 


Ma 


0 
0 20 Ba) 60 80 100 120 140 160 
Distance from Epicenter (km) 


Maximum acceleration associated 
with earthquakes of various 
magnitudes (from Seed et al., 1969). 


If analysis of the site and its expected earthquake indicates a high 
probability of soil liquefaction, the site is hazardous. Use of plate 
anchors which are loaded a significant percentage of time should be 
avoided. 
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DRAG EMBEDMENT ANCHORS 


Anchor Descriptions (Refer to 
Ogg, 1969; Valent et al., 1976) 


We Standard Drag Anchor 


Significant portion of 
anchor capacity generated 
by anchor wt. 

- Full embedment-rare. 

- Develops peak capacity 


with minimal drag. (a) STOCK (ADMIRALTY) ANCHOR 
KEDGE TYPE 


Average Lateral Load 
: Capacity (1b) 
Weight (Air) | Weight (Wet) 


10,580 


27,300 | 27,500 
11,900 | 11,700 


Mushroom 


ae {b) MUSHROOM ANCHOR 


mud 


2 Standard Burial Anchor 


- Achieves most of capacity as 
a result of soil shear 
strength. 

- Designed to improve their 
capacity through dragging 
to cause embedment to deeper, 
stronger soil. 

- Most anchors in this category 
fabricated according to rules -aoceve_\*toctmeent 
of geometric similarity where 
dimensions 478 proportional 
to (weight) 


Standard burial anchor per- 
formance is idealized below. 


B = fluke angle ll 
= shank angle + 


6 =line angle 
Sa) Lgl a i. 3 
& ———- ee 77%. e > ail = : <) 
<6 i 
eG 


a. placed on seafloor b. flukes keying c. in dense/stiff seafloor d. in soft seafloor 
into seafloor G+ 0° to 15° @ =- 20° to - 45° 
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(c) MUSHROOM ANCHOR - 
REINFORCED CONCRETE 


(4) PEARL KARBOR CONCRETE ANCHOR 


Standard Drag Anchors. 


34° FOR SAND BOTTOM OPERATION 


60° FOR MUD BOTTOM OPERATION 


a 


STATO Mooring Anchor 
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Idealized anchor remains stable and holds stably even though dragged 
(achieves equilibrium). 


Pick Type Burial Anchor 


- Anchor designed to turn to 
penetrating position even if 
\ dropped on its side. 


Cast Bruce Anchor 


Twin-Shank Bruce Anchor. 


Mud Type Burial Anchor 


- Permanent mooring 
anchor. 

- Designed to be control 
lowered to seafloor. 

- Designed for very 
soft seafloors. 


Doris Mud Anchor 
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B. Anchor Performance 


Ie General Behavior (Refer to Saurwalt, 1971, 1972a, 1972b, 1973, 
1974a, 1974b) 


Seafloor Type - [Performance as defined by broad seafloor categories. ] 


Mud or silt - Wide range in anchor performance; "mud" strength 
varies considerably. 

Sand - Performance reasonably consistent provided anchor penetrates; 
dense sand can be difficult. 

Clay - good holding capacity. 

Coral - Function if anchors snag an outcrop, fall in crevice, 
blasted in. 

Rock - Unsatisfactory. 

Layered (sand/clay/mud) - Performance erratic for high efficiency 

anchors. 


Roll Stability 


- Anchors improperly stabi- 
lized will roll limiting 
peak capacity. 

- If an anchor rolls in a 
mud or clay, the anchor 
will come out with a "mud 
clod" fixing the fluke 
preventing re-embedment. 


with stabilizers 


without stabilizers 
Eo - Erratic/poor performance 
can sometimes be corrected 


anchor rotation - degrees from horizontal by extending stabilizers . 
o--0 11 20 36 65 122 168 180 0-—0 CG 9 1h : 


holding-powor of anchor - kips 


0 20 40 60 80 100 120 


anchor travel - feet 
Performance of 18,000-1b Kavy anchor witn and without stabilizers 


SECTION A-A 


STEEL PLATE 


\% PIE 
SECTION 


Navy anchor. 
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Anchor Weight (kips) 


mod 0 


sand 


Mooring Line Angle 


Effect of line angle on mooring 
performance can be significant. 


100 


200 300 
Holding Capacity (kips) 


Holding capacity versus weight for STATO anchors st 
various mooring line angies. 


Majority of decrease probably 
attributed to reduction in chain 
capacity. 


Fluke/Shank Angle 


Figure shows significance of 
fluke angle on anchor performance. 
Optimum angle for mud (=50°) 
Optimum angle for sand (30-35°) 
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Holding Capacity (kips) 
S 


v 20 30 “u 50 
Fluke Angle (deg) 


Test results on an 18.000 pound Stockless Anchor with 
stabilizers in sand 


- Figure illustrates problem 
with excessive fluke angle 
in sand. 


USE OF EXCESSIVE FLUKE ANGLE Ih SAND 


Mooring Line Type (Wire Versus Chain) 


- Overall mooring capacity ~ similar assuming sufficient sediment 


for complete burial. 


- Anchor penetration in mud significantly less with chain mooring - 


less sediment required. 


- Anchor drag distance to peak load less with chain mooring - as 


much as 50 versus 250 ft. 


- Anchor stability requirements greater for wire than chain mooring. 
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Anchor Size 


- Small anchors (<3,000 1b) often exhibit higher efficiencies (by as 
much as a factor of 1-1/2 to 2) than anchors 10,000 to 30,000 1b. 

- Manufacturers' claims of constant efficiency with size based on 
geometrically similar designs (dimensions ~ anchor wt '~). Data 
do not support this as a general rule. Refer to section on 
Anchor Capacity. 


2. Recent Anchor Performance Data (Refer to Taylor, 1980a, 1980b, 
1980c) 


STATO Anchor in Sand 


Rotation Angle (deg) 


Standard stabilizers 
37° fluke angle 


B. rc 18-in. stabilizer extensions 
3? tuke angle 


oXo 


C _, standard stabilizers 
XK 3° tiuke angie 


total deck loed 
~~ {anchor load + chain load) 


—— mchor losd only 


Load (kips) 


20 
Anchor Drag Distance, ft 


Test resuits for 3000 Ib STATO with various 
modifications - dense sand, Sen Diego. 
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STATO Anchor in Mud 


- Graph shows trajectory of anchor embedment in soft mud (Puget 
Sound). 


- Extended stabilizers (about 30% increase) needed to maintain 
stability (6,000 Ib STATO with standard stabilizers rolled during 


embedment ). 
- Majority of load carried by chain. 


mooring 
efticiency = Zi° 


tension on deck 
{includes chain and anchor load) 


* chain dra on botton 
subtracted from deck tension 
to calculate efficiency. 


Tension, kips 


anchor (alone) 
efficiency = 10.5 
tension at anchor 


C=16+ 102 
C= undrained shear strength (psf) 


Olstance Below Mudiine, ft 


Test No. 23 
Anchor Type: Stato with 18-in. Fiuke Angie: 50°, movable 
stabilizer extensions Anchor Weight: 3500 pounds 


Stockless Anchor in Mud 


Sinekless/Anchorinl nud 


A - 9k stockless 
w/stabilizers 
wAlixed flukes 


R 

i 

Hy 

| 
Load (kips) 


Se Chain Capacity (Refer to Cole and Beck, 1964; and Taylor, 
1980a, 1980b, 1980c) 


- Chain efficiency varies considerably for "similar" soil types. 
sand - efficiency of 1 to >3 depending on density 
mud - efficiency of 0.4 to 1.1 depending on strength and 
clay content. ; 
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4. Tandem Anchors (Refer to Taylor, 1980a) 


Option A - Shank to shackle technique; good tandem capacity; chain 
should be lightly lashed to inbound anchor crown during 
deployment. 


Option B - Crown to shackle technique; slightly less efficient than 
"A" but easier to install. 


Option C - Ground ring to shackle technique; less efficient than "A" 
or "B" - relatively easy to install in shallow water; 
Anchor B installed first. 


GA. CAN BE FIXED OR MOVABLE 
FLUKED ANCHOR. IF STOCKLESS 
Se TYPE, FIXED if REQUIRED FOR 
PEAK PERFORMANCE. 


QUST BE FIXED FLUKE 
AMCHOR . 


RIGGING METHOD FOR TANDEM ANCHORS FOR ADEQUATE PERFORMANCE. 


Sc Options to Improve Poor Anchor Performance 


Problem Possible Reason Solution 
Poor mud performance - Flukes not tripping - Increase size of 


tripping palms 
- Weld flukes in 
open position 


- Anchor unstable : - Increase stabilizer 
length/add 
stabilizers 

- Unknown - Add chain 


- Use backup anchor 


Poor sand performance - Flukes not penetrating - Check fluke angle; 
reduce if > 30-32° 
- Sharpen flukes 


Anchor unstable - Extend stabilizers 
- Add stabilizers 


Unknown © - Add chain 
- Use backup anchor 
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Methods to Determine Drag Embedment Anchor Capacity 
1. Method of Cole and Beck (1964) 
- Verfied procedures relating anchor capacity to soil engineering 


properties not available. 


- Available procedure dated to Leahy and Farrin (1955) is reasonable 
provided anchor test data available 


Anchor capacity relates to anchor wt as follows: 


pS © i P 
a 
Where F = Short-term holding capacity (lbs) 
we = Anchor wt in air (lbs) 
C,b = Empirical soil constants, dimensionless 


- Relationship plots as a 
straight line on log-log 
plot, C is the intercept, 
b is the slope. 


- Results valid for that 
anchor, mooring line type, 
soil type. 


OPTIONAL- PROCEDURE 


- Perform single test, use 
b = 0.75 to calculate C. 


ANCHOR HOLDING POWER - LB 


- Extent of extrapolation of 
this procedure questionable. 


- Theoretical limit for b is 
2/3, where steel stress is yo 1000 10, 
controlling factor. Refer to SRCICR ENCHU 
Valent et al., 1979. 


- Use verified manufacturer 
data to calculate C for 
b - 0.75. 


30,000 


2. Prototype Data 
- Refer to manufacturers for data; data often based on small 
anchor tests at unlimited drag (request details of tests). 


- Data valid for specific test conditions; anchor performance 
very sensitive to conditions (use data with caution for other 
conditions). 


Sr Full-Scale Pull Test 


- Most accurate/costly. 
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DEADWEIGHT ANCHORS 


A. Anchor Types 


Vary from: sophisticated (concrete/steel anchors with cutting 
edges) to engine blocks, concrete clumps, etc. 


Added capacity from sophiscation must be balanced against cost. 


(a) Sinker (b) Squat clump (c) Railroad rails or (d) Concrete slab with (e) Open frame with 
scrap iron shear keys weighted corners 
e efficient uplift e low overturning e low bulk, high e high lateral capacity e high lateral capacity 
© casy to handle © more area con- weight scour control e reduced lowering line 
tacting soil ¢ low cost dynamic tensions 
e shallow burial 


(f) Mushroom (g) Wedge (h) Slanted skirt (i) High lateral capacity, () Free fall 
free fall (DELCO) 
e shallow burial e shallow burial e deeper burial e free fall installation e free fall installation 
¢ low overturning e unidirectional e high lateral capacity ¢ efficient uplift 


¢ uni-directional 
Several variations on the basic deadweight anchor. 


B. Design Procedures 


1. Simple Form (anchors w/o 
shear keys) 


Idealized deadweight 
resists lateral load 
component by static 
friction; vertical load 
resisted by portion of 
anchor wt. 


Net normal force, Rw» 
contributes to lateral load 
resistance, R,, according to: 


Pundamental Concept of Deadweight Anchor. 


ES) me aa 
Where wy is the coefficient of friction between anchor block and 
seafloor; varies w/seafloor type/strength. 
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a. Cohesionless Seafloor 


Coefficients of Friction Between Cohesionless Soils and 
Some Marine Construction Materials (Valent, 1979) 


Internal Surface Friction Coefficient for -- 
arene Smooth | Rough | Smooth Rough Smooth 
Steel | Steel | Concrete | Concrete | PVC 
eae : 0.27 |0.60 | 0.60 0.69 | 0.33 


- Trapped water dissi- 
pates rapidly. w up 
to 0.8 possible (@ 
= 38°); simple fric- 
tional behavior con- 
trols. eae 

- Friction coeffi- gehts 
cient dependent on 


Foran 


surface smoothness, [S=*Silt 
anchor material, 
sand type. 


b. Cohesive Seafloor 


H (immediate) can be < 0.1 (attributed to thin film 
trapped water between anchor and seafloor). 


HW (short term - normally consolidated seafloor) can be 


0.15-0.2 
R Ae enere Bey es Anchor bearing capacity 
1 Sey ; Anchor-soil shear resistance 


Value (5.7) assumes adhesion between anchor base and soil equals 
soil undrained shear strength. 


H (long term) - up to 0.7 for $4 .ineq = 35° 


H (short term - over consolidated seafloor) depends upon soil 
strength, anchor roughness. 


c. Effect of Sloping 
Seafloor 


- Low initial p 
can cause in- 
stability on 
sloping sea- 
floors. 

- Deadweights on 
slopes ~ 10° os 
have slid under 
own weight. z 

- Avoid use on a2 
sloping sea- 
floors. 

- Sloping clay 
seafloors 
likely over | 
consolidated; Ain 
down s lop creep Idealized Horizontal Holding Capacity Ratio for Deadweight Anchor 
possible. Seana 
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2. Detailed Procedure - (Refer to Valent, et al 1979) 
Used when peak deadweight lateral capacity is desired. 


a. Considerations 


Bearing Capacity 


- Not considered problem when resultant normal soil 
reaction lies within middle one-third of anchor base. 


Vertical Load 


- Resisted directly by a portion of the submerged anchor 
wt.; wt in excess of that required to develop lateral 
capacity. 

- Discount suction effect. 


Horizontal Load 


- Components composing 
horizontal load 
resistance F 


1. shear along anchor base 

2. shear along base of passive wedge 
‘at anchor front 

3. uplift (weight) of passive wedge 

4. shear along anchor sides 

5. suction at rear of anchor 


Items can be neglected 


Calculated capacities assume displacement only to mobilize base 
shear (< 10% anchor width; capacity will typically increase with drag) 
and assumes no auxiliary embedment means (jetting). 
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Deadweight Anchor with Cutting Edges. 
(Note: Ry Ry + Rp) 


- Deadweight capacity enhanced by roughened surface or 
addition of skirts. 
- Skirts in cohesive soil move sliding surface to deeper, 


stronger soil; optimum length ~ 0.1B 
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- Skirts in cohesionless soil - marginal increase in 
capacity; optimum length ~ 0.05 B; interior skirts not 
needed; exterior skirt helps reduce scour and under- 
cutting. 


Overturning - Anchor must be designed to prevent overturning. 
Anchor center of mass should be low; mooring 
attachment points should be low. 


- Stabilizing moment > overturning moment 
Cyclic Loading 


- Effect depends on magnitude of cyclic component relative 
to the quasi-static load as well as the absolute load 
level. 


- "Porous" deadweight may be less susceptible to mooring 


line transmitted cyclic loads because drainage path is 
shortened (pore pressure dissipation occurs more rapidly). 


- Refer to section on plate anchor design for added details; 
also, see Foss, et al, (1978). 


Other Design Considerations 


- Scour, slumping, wave induced instabilities of the 
seabed, earthquakes, wave forces on anchors. 

- Degree of attention to these depends on location, water 
depth, soil type, soil degree of consolidation, seafloor 
slope. 


b. Anchor Design - Cohesionless Soil 


’ - Anchor designed to realize lateral capacity (R,) 
according to: 


2 


= = h-5° 
R, = (W F) tan ($-5°) + 1/2 iS Vp 25 B 
where: W = submerged anchor wt (F); F, = uplift force (F); 
@ = effective angle of internal friction (degrees); 
= coefficient of lateral earth pressure. 


c. Anchor Design Cohesive Soil 
- Anchor designed to yield lateral capacity (R,) according to: 


R = s A+2s zB 
1 uz ua 
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soil undrained shear strength at depth z (F/L*) 
average soil strength between surface and z (F/L?) 
anchor base area 

anchor or shear key penetration into seafloor (L) 


anchor base dimension (L) 
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DEADWEIGHT ANCHOR DESIGN PROCEDURES 


mless Seafloor: Deadweight Anchor Design Procedure Cohesive Seafloor: Deadweight Anchor Design Procedure 


Item Equation Step Item Equation 
Loads Fy FL (given) a Loads Fi FY 
Soil Yy $ (given) b Soil By Si» Y, versus z 
Weight (in water) required Fr, c Anchor width: 2 
to resist sliding w =——>_+F i WY 
tan(¢@ - 5°) without shear keys B= = 
uo 
Anchor width (min): 
ONE ie ith shear keys® Ry = Ba 0.2 
with shear keys Sd —————————— with shear keys 5 es (s+ 0. Oo?) 
y.W-F -0.3F) 
s v h 
d Shear keys 
1/3 200 s 
6 WF. 
E h number, n n= +1 
without shear keys B | 405 + % B 
Shear keys” _ B 405 + Yb B 1/2 
200(W - F_) tan(9-5°) thickness, t eS Sat f 
number DS eee reat : b 
K_ y, B 
pb 2 
weight per shear key, W W= Oly Bt 
k k k 
1/2 
3 
¥, B 2 
thickness t = 0.042 ¢ Bs 
b embedment force for one © qa=9s tBt ue. W 
e uz 55S k 
shear key, a, t 
weight Ww, = 0.05 ¥, Bet 
e Submerged weight 
2 
embedment force for one ¥, B . Pee 
shone bos a, = be [20 t oe + B tan(@ - 5°)] (1) to resist overturning: 
(a) for H = 0.2 B, 
Maximum pull height W = 1.2 i + F 
B(W - F) aoe 0.18 
with or without x, Sa ae 
ERE HEE iE (b) for H minimized, we ee FB as 
z= 0.18 Gen 
& shear key penetration = 0.05 B. s a io BAY 
= 8 
feients of Passive Lsteral Earth Pressure, K , 
Miveight Shear Key” (after Tschebotarioff, 1962) (c) for H minimized, F 
z 2 v 
E 2. =0 ways 6 F 
s 8 qo h 
z BAY, 
E Submerged weight (continued) 
é (2) to embed shear keys: 
(a) omni-directional anchor We= 20 a. 
(b) uni-directional anchor W =n q. 
where ; 
umptions: a. shear key wal] is vertical 2 
b. soil surface is horizontal o 5 to 38 2 2 YO 3S 5 one B ena " 
c. li “cohesive, © =O _ Be ool shearing reuntance & ecgrecs =9s =o 
4. angle of vall friction,“ = 0.56 aaa cae te uz 3S. k 


Bearing capacity factors for shallow footings 


"Assumes cutting edge penetration = 0.1 B, anchor square in plan. 


LIST OF SYMBOLS 


Fy Fr Horizontal and vertical R, Anchor lateral load Y Submerged unit weight of 
load components resistance shear key 
s Soil undreined shear 8 Soil undrained shear Y Buoyant unit weight of 
¥ strength uz strength at depth z 8 deadweight 
Ss. Soil sensivity Sua Average soil strength ¢ Effective angle of 
between surface and z internei friction 
% Submerged unit weight of 
soil z Anchor shear key Ww Submerged weight of the 
penetration into seafloor anchor 
B Anchor width 
f Allowable steel stress K Coefficient of lateral 
a4 Undrained shear strength P earth pressure 
at seafloor surface Z. Shear key height 
AG Coefficient of passive 


30 


lateral earth pressure 
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PILE ANCHORS 


Operation 

Tring Ipe forse 
Definition. Pile anchors \ we 
achieve holding capacity by 
mobilizing shear strength of 
surrounding seafloor material. 
Bearing pressure and/or skin 
friction/adhesion are used to 
achieve capacity. 


faleral cory POCSEMTE 


Cost. High installation costs ship focjton 
usually dictate pile anchor use 


as last resort. 


Construction. Basic steel 
shapes usually modified to act 
as anchor piles. 


Installation. By driving, often in partially predrilled holes; in 
hard strata, by grouting in fully predrilled holes.’ Screw-in pile 
anchor (considered under plate anchors) [Refer to Chellis, 1961, 

Havers and Stubbs, 1971, for detailed discussions of pile systems. ] 


Pile Types/Methods to Improve Performance 


1. Mooring Line Connection 


Surface attachment - Inspection and maintenance possible 
- Swivel/U-joint desirable to reduce 
connection torsion (Ref Doris, 1977). 


Subsurface attachment - Inspection not practical 
- Applicable to unidirectional loading 
- Enhances pile lateral load resistance; 
pile bending stress reduced 
- Changes direction of pile load; higher 
vertical, less lateral load. 


De Pile Head Burial 


- Places pile in deeper-stronger soil 

- Used for offshore moorings when drillship is available for 
drilling and grouting 

- Load at pile can be reduced significantly, by mooring line 
resistance (see drag anchor section) 

- In sand, pile anchors buried few ft to allow for scour. 


3. Near Surface Fins/Collars 


- Used to limit pilehead deflection/bending moment 
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4. Built-up Sections 


- Fabricated to produce section modulus to resist high bending 
forces/limit bending 


- Sections symmetrical or asymmetrical depending on loading 
directions. 


Variations of the Basic Pile Anchor 
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C. Installation (Refer to Chellis, 1961, 1962, and 1979; Compton, 1977) 
1. Driving 


- Most piles in soil/soft rock installed by driving 

- Many hammer types easily modified for use to 80 ft 

- Pile hammers developed for underwater operation by Raymond 
(1979), and Hydroblock (1979), (Hydroblock to 1,600 ft) 

- Can use follower in shallow water 

- Deep water - refer to Anon 1979 for discussion of a self 
stabilizing "puppet" system for pile installation. 


De Drivability 


- Best method for evaluation of pile drivability/hammer effi- 
ciency is the wave equation. Refer to Smith (1962). 
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3c Drilling and Grouting 


- Used when predicted driving resistance exceeds hammer capacity 

- Typicaliy used in hard coral, rock 

- Recommended for use in calcareous sands and soft silt where 
developed frictional capacities are low. 


Pile Installation Methods 


~ pile y 


groul 


(@) Driving (b) Drilling and groiling 


File. mstollatoq meftods. 


- Grouted piles can be 
underreamed to greatly 
increase vertical 
capacity. 


- Underreams of more than 
5m dia have been con- 
structed @ 40m depth in 
the North Sea. 


D. Pile Capacity 


he Lateral and uplift 
force at the anchor 


- Forces on buried 
pile are altered 
in magnitude and 
direction. 


a. Simplified 
Analysis 
- Assumes no 
friction 
along buried (4) Debaitiog of Terms 
chain 
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- Results in over estimation of F_ and under estimation 
Vv 
of F, by up to 25%. 


h 
Sand 
F = Zz = N 
cb c a Yp q 
Soil Friction 
qd = characteristic chain a 
or wire diameter (for Angle N 
chain use 3 x chain size) q 
20 3 
Clay 25 5 
30 8 
F = lls z 35 12 
cb u qd, c 40 22 
sy = soil undrained shear 


strength 
Force components at the anchor given by: 


DW, 2 1 OF 
c 


h h b 


Fe = Bes Fi 


b. Refined Analysis 
- Refer to Reese 1973 and Gault and Cox 1974. 


2. Lateral Pile Capacity 


- Depends on soil strength, stiffness, load type, pile 
dimensions and stiffness 
- Rigid and long (semi-rigid) pile analyses are possible 


Rigid Pile Analysis. Assumes soil failure occurs as an infinitely 
rigid pile rotates about a point on its length. 

Procedure is very conservative; results in pile with minimum deflec- 
tion at head; can be used for preliminary pile selection for long 
pile analysis, (Refer to Czerniak 1957). 


Long Pile Analysis 


- Many procedures available (Refer to Gill 1970, Matlock 1970, 
Reese 1974, Broms 1964) 

- Procedures are labor intensive; generally have been computerized 

- Procedures rely on a pile/soil interaction analysis where pile/ 
soil deflection characteristics are needed 

- Procedures rely on establishment of load-deflection (P-Y) 
curves for soil, typically based on test experience. 


Sr Pile Axial Capacity 


Capacity treated as function of shear along the pile/soil inter- 
‘face. Both cohesive and cohesionless soils can be treated as 
frictional materials. 
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a. Cohesive Soil 


Refer to semi- 
empirical method 
of Vijayvergiya 
and Focht (1972). 


Pile frictional AS (a Fe VA 
resistance (R_) 
expressed as 
function of 
mean undrained 
shear strength 
(s_) and mean 
eftective over- 
burden stress 
(o_) over pile 
length. 


Pile Fenetraliog (CH 


R, = A(o + 2s JA, 


A = empirical 
coefficient 
(below); A 
= lateral 
area of en- 
bedded pile 


(use area of Frichoqal cepecity coehbreed7, a ) 
enclosed rec- versus pile penelralion 

tangle for (Aer Vijaywergiya end Foctl, 1972), 
"H" pile in 

clay. 


A Method Simplification 


- Above equation is rearranged to simplify process. R/AS = fn = 
average, pile side friction 


- Iterative selection process required; Determine axial capacity 
then increase length if needed. 
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b. Cohesionless Soil 
Unit skin friction fy at any depth is f = Ko tan 6 
Assume K (coefficient of lateral earth pressure) = 0.5 
o = effective overburden pressure 
6 = angle of friction between pile and soil 


(assume 6 = @ -5°) 


- Pile capacity R, = f A, 


- Average skin friction has been found to peak at pile embedment 


~ 20 diameter. 
- Recommended value ef £, for long piles compiled from Ehlers (1977), 


Angemeer (1975). 
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Recommended Skin Friction Values for Sand 


; 6 : imax 

| Soil Installation idee) leds eae 

| | | | 
Sand driven or drilled and grouted o-5 0-5 13-9 96 
Silty sand driven or drilled and grouted | g-5 16.5 | Roe | 81 
Sandy silt driven or drilled and grouted | 0-5 10.5 9.7 | 67 
Silt driven or drilled and grouted | 0-5 |0.5 | 6.9 | us 
Calcareous sand drilled and grouted o | 0.5 | 

driven (0) }0.5 


*Depends on installation technique; may be as low as 3 kPa (0.5 psi). 


Anchor Pile Loading 


Effects of combined axial and lateral loading are poorly understood, 
currently treated separately. 


Repetitive loading can cause large increase in lateral pile deflec- 
tion. Methods to dampen/avoid repetitive loading should be consid- 
ered for piles in loose sand/soft silt seafloors. 


Chellis (1969), suggests "a rough assumption" coefficient of 
horizontal subgrade reaction for soils of high relative density 
might be reduced by 1/2, for soils of low relative density - 
reduced to 1/4 initial value (data provided for plate anchors 
may be useful as a guide in evaluating effects of repetitive 
loading). 


Effects of repetitive loading on vertical piles are speculative, 
(research projects underway in United Kingdom and Norway). 
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